Abstract: An in-situ dielectric technique for sensing flow is outlined, and shown to be suitable for use in moulding of composites from liquid resins containing continuous conducting fibres.
specific location; and (ii) continuous methods which record the response of a monitoring system that detects the current position of the resin flow front .
In discrete methods, a sensing system that responds to the arrival of the resin is placed at specific locations in the mould. This technique was first implemented by Kranbuehl and co-workers [13] .
Their system comprised a number of interdigitated dielectric sensors placed on the bottom face of an RTM mould. The arrival of the flow front caused a discrete jump in dielectric properties when the resin came into contact with the sensor. Similar systems, based on the abrupt change of DC conductivity that occurs when a liquid polymer shorts out the space between the ends of two conductive wires, have been developed by other workers [14] . The progress of in-plane filling in RTM has also been monitored using a grid of electric wires arranged in two sets, placed orthogonally at some distance from each other [15] . With appropriate multiplexing, it is then possible to determine whether a specific node of the grid has been covered by resin. In all cases, the discrete character of these measuring techniques limits their applicability since, in order to All of these techniques are applicable to the manufacture of composites with non-conductive reinforcements. However, the presence of carbon fibre, which is the reinforcement used in most advanced composites, would disturb both the electric field in dielectric sensing and the evanescent field in fibre optic sensing, and would cause shorting between the wires in DC conductivity sensing.
In this investigation, the recently published work on dielectric flow sensing [18] is extended to composites containing conductive reinforcements. A novel dielectric system is devised and evaluated experimentally, as both a flow detector and a macroscopic device for cure monitoring.
Sensor setup

Principle of operation
The proposed sensor system comprises an array of thin insulated wires, which are in contact with the carbon preform and are connected to an impedance analyzer. The reinforcement is also connected to the analyzer, and the measurement is performed between the array of wires and the fibres of the preform. A schematic diagram of the arrangement of fibre tows and wires in the novel sensor system is presented in Fig. 1 . In the case illustrated, the wires are in contact with the tool. As the fibre tows are displaced by the hard wires, some gaps are formed. With the application of a voltage, an electric field is formed between the conductive core of each wire and the adjacent fibres. The field occupies the insulating coating of the wire and the gap regions.
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When the reinforcement is dry, the gaps are filled with air. However, as the impregnation process progresses, more and more of the gaps are filled with resin. It is expected that the difference in electrical properties between the air that initially fills the gaps and the liquid resin that replaces it will result in a gradual change in electrical response as filling progresses. 
Glass tool
Equivalent circuit representation of the sensor response
In order to gain an insight into the response of the sensor, it is necessary to make an analysis of the various elements of the system, by treating them as components of an electrical circuit. The sensing configuration can be considered as the sum of a number of wire and preform segments with length unity. Assuming that the carbon reinforcement is under uniform potential, all the segments corresponding to one wire are connected in parallel. Each of these segments contains (two types of elements) two elements of different type which are connected in series, one corresponding to the insulating coating and one to the gaps. If the unit length is large compared with the size of the gaps, the impedance of each element corresponding to gaps will be equal to 
Flow and cure monitoring performance of the sensor
Experimental details
The performance of the sensor was validated during the filling and curing of a continuous carbon After completion of the filling stage, the mould temperature was increased to 160oC to cure the composite. A microdielectrometry experiment using commercial (GIA, Switzerland) comb microelectrodes was performed to monitor the cure of unreinforced RTM6 resin, which was subjected to a thermal programme designed to match that used for cure of the composite in the RTM mould. 
Flow monitoring results
Equation
Cure monitoring results
Cure monitoring results obtained using the new sensing configuration are illustrated in Fig.4 , which shows the evolution of the normalized imaginary impedance at 10 kHz. Normalized impedance is calculated as follows: 
Conclusions
A dielectric sensing system for following the resin flow front in liquid moulding of carbon fibre reinforced composites has been developed and tested. Experiments confirm that there is a linear relationship between the admittance of the sensor and the progress of filling, as predicted by a theoretical analysis of the electrical response of the system. The existence of an imaginary part of the measured length gives an estimate of the sensor's deviation from linear behaviour, thus enabling a cross-check to be carried out on the quality of the measurement. The specific monitoring arrangement yields results equivalent to those obtained from conventional microdielectrometry during the curing stage of the process.
